Resistance spot welding (RSW) process is widely used in sheet metal joining process due to its high speed, suitability for automation and inclusion in high-production assembly lines with other fabricating operations. It is a complex process in which coupled interactions exist between electrical, thermal, mechanical, metallurgical phenomena, and even surface behaviors. During RSW process, deformation, stress and strain will be generated and changed in the weldment due to the electrode force and Joule heating, and residual stress and strain will retain in the weldment after welding. Numerous researches of the mechanical features for such a complex process have been performed. These researches underwent all kinds of welding conditions and materials, using both theoretical and experimental methods [1-3]. It can be concluded from these researches that failure of spot weld is likely related to many parameters of the RSW process, e.g. residual stress, welding parameters, welding schedule, thickness, gap, nugget size, and material properties. These parameters also affect the fatigue life of the welded joint. Results of the relative researches [4-6] show that the fatigue strength is mainly controlled by the residual stress, gap and stress concentration at the notch of nugget. Recently, numerical method provides a powerful tool in studying these interactions, especially the finite element analysis (FEA) method, which can deal with nonlinear behaviors and complex boundary conditions. It has become the most important method for the analysis of RSW process [7-8]. Tsai et al.
temperature field, the electric potential field, the stress and strain distributions of the spot welding in one calculation, but the simulation of transient processes with such a methodology would probably require large amount of computing time. The objective of this paper is to develop a multi-coupled method to analyze the welding deformation of the RSW process, in order to reduce the computing time with the minimum loss of computing accuracy. Based on the analysis of temperature field, thermo-elastic-plastic finite element analysis was attempted on the RSW process to analyze the distribution and change of the welding stress, strain and deformation in this paper.
For the solution of the welding deformation of the RSW process in this research an axisymmetric model was developed and solved using the FEA method based on ANSYS code. The two-dimensional axisymmetric model is illustrated schematically in Fig.1 where x and y represent the faying surface and the axisymmetric axis respectively. Its corresponding dimensions are OE=HI=2.5mm, OI=EH=15mm, PA=FG=5mm, PB=11mm, AG=18mm, EF=12.5mm, ED=3mm, OP=32mm, α=30°. The model was meshed using three types of elements, as shown in Fig.2 . The solid elements were employed to simulate the thermo-elastic-plastic behavior of the sheets and electrodes. The contact pair elements were employed to simulate the contact areas. There were three contact areas in the model. Contact area 1 and 2 represented the electrode-workpiece interface and contact area 3 represented the faying surface. They were all assumed to be in contacts with two deformable surfaces, and these surfaces were allowed to undergo small sliding. In order to obtain reliable results, fine meshes were generated near these contact areas, while the meshes of other areas were relatively coarse. Coupled electrical-thermal and thermoelastic-plastic analysis were performed to analyze the transient thermal and mechanical behaviors of resistance spot welding (RSW) process of the mild steel sheet metals with unequal thickness. For the thermo-elastic-plastic analysis, some hypotheses are cited. The mechanical properties, stress and strain related with the welding temperature are linearly changed in a small time increment. Elastic stress, plastic stress and temperature stress are separable. Strain stiffening is occurred in the plastic field and obeys the Rheology's theory. The Mises Yield Criterion is used for the material yield strength. The welding thermoelastic-plastic analysis is constructed by strain-displacement relationship or compatibility condition; stress-strain relationship or constitutive relationship; equilibrium condition and boundary conditions. The constitutive equations of the material in the temperature field can be written as equation (16) .
The developing process of the welding residual stress and deformation of the RSW can be dynamically simulated through thermo-elastic-plastic analysis based on the FEA of the temperature field.7-9 The temperature fields and its changing of the sheet metal RSW have been obtained and well discussed through the coupled electrical-thermal analysis in Ref. [7] and Ref. [8] . But the researches were limited at the RSW with the same thickness sheet metal. Fig.4 shows the temperature distribution of the RSW with unequal thickness mild steel sheets at the time of the nugget forming. And Fig. 5 shows the temperature changing courses at the center of the weld nugget, the center of the upper electrode and the lower electrode. Different from the temperature field distribution of RSW with the same thickness mild steel sheet metals, the research shows that the center of the weld nugget of RSW with unequal thickness mild steel sheets leans to the thicker workpiece; for more thermal is produced and less being given out in the thicker workpiece. Because the faying surface of the two mild steel sheet workpieces is further from the electrode acting on the thicker workpiece and therefore the resistance is bigger. The temperature field analysis with the coupled electrical-thermal analysis showed that the center of the weld nugget of the RSW with unequal thickness mild steel sheets leaned to the thicker workpiece, for the asymmetry of the structure, the temperature field distribution was asymmetric too. Loading the temperature field at the corresponding time as the node body load, the structure analysis showed that the deformation of the RSW with unequal thickness mild steel sheets was also asymmetric. Fig.6 shows the welding deformation of the RSW of two mild steel sheets with the thickness 1.0mm and 1.5mm in which the dashed is the outline before deformation. Simulating analyses showed that the edges of the two mild steel sheets warped to the thinner one due to the structure asymmetry. Taking the two mild steel sheets as an integrated structure after welding, the edge's warpage deformation could be expressed with the normal displacement of the edge of the mild steel sheet. The warpage deformation of the two mild steel sheets with the thickness 1.0mm and 1.5mm was 5 μm after RSW. The asymmetric deformation is produced by the asymmetric residual plastic strain. Fig.7 shows the distribution of the residual plastic strain of the mild steel sheet with unequal thickness after RSW. It shows that the distributions of the residual plastic strain in the two mild steel sheets are different. The locations of the maximum residual plastic strain in the thicker sheet and the thinner one are different, and the radius of the distribution of the residual plastic strain in the thicker mild steel sheet is less than that in the thinner one. To study the impact of the residual plastic strain on the welding deformation, add the residual plastic strains of the nodes at the same thickness as its general residual plastic strain, it is different at the different thickness. Fig.8 shows the distributions of the residual plastic strain of the two mild steel sheets with unequal thickness. The linear approximation of the residual plastic strain shows that the distribution of the residual plastic strain in the thicker mild steel sheet is approximately uniform along with the thickness of the sheet. And the linear approximation curve is an approximate level beeline (see Fig.8(a) ). But the distribution of the residual plastic strain in the thinner mild steel sheet is linearly changed along with the thickness of the sheet, it is smaller when near the faying surface and bigger on the other side (see Fig.8(b) ). Detailed studies showed that the warpage deformation of the asymmetric sheet structure was produced due to the changed residual plastic strain.
Equations, Tables and Graphs
The distribution and change of the strain, especially the plastic strain, is very important to the analysis of residual stress and deformation of the RSW process. The welding residual stress is produced in welded joint as a result of plastic deformation caused by non-uniform thermal expansion and contraction in the RSW process. So the analysis of welding temperature field is very important and necessary for the welding deformation analysis, but it is a non-linear transient heat exchange problem. The governing equation for axisymmetric transient thermal analysis is given by the Fourier Law and the Energy Conservation Theory,
where ρ is the density of the material, c is the specific heat capacity of the material, T is the temperature, t is the time course, k x 、k y 、k z are the thermal conductivity in three directions, q v is the rate of internal heat generation. For isotropic material, k x ＝k y ＝k z ＝k. The thermal boundary conditions of the welding temperature field can be decomposed from the nonlinear isotropic Fourier thermal flux density and heat exchange. The thermal flux density shows the intensity of the welding thermal source, and the surface heat exchange presents the heat convection and heat radiation with the ambience. On the boundary surface, it is 
in which, n is the outward normal to the surface, k n is the thermal conductivity through the boundary normal, q s is the thermal flux through the boundary surface, h is the heat convection coefficient, T a is the ambience temperature, κ is heat radiation coefficient, T r is the radiation object temperature, T s is the boundary temperature.
To solve the nonlinear partial differential Equ. (1), the functional analysis can be established as, 
where T is the inner temperature of the object, T s is the surface boundary temperature. Using the variation principle, function (3) can be obtained as,
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where,
Asian Pacific Conference for Materials and Mechanics 2009 at Yokohama, Japan, November [13] [14] [15] [16] K is the thermal conductivity matrix. For the FEA equation, the temperature field is dispersed into n elements, then, the variation Equ.(4) can be expressed as, ( 8 ) where, e Π δ is the variation equation for each element.
Let the element shape function matrix be N, the element inner temperature can be expressed as,
where, T e is the element node temperature matrix. The derivative of T can be expressed as,
. From Equ. (5), one obtains, R is the node thermal flux vector of the thermal conductivity. Let C T be the general specific heat capacity matrix, K be the general thermal conductivity matrix, P be the general thermal flux vector, the FEA equation of the transient temperature field can be obtained as,
The governing equation of the electrical analysis is,
e e e φ φ φ (13) in which, C e is the electrical conductivity, φ is the electrical potential.
The coupled electrical-thermal problem is solved by the following matrix equation: (14) where 1 5 ) where,σis the stress, b is the body force, r is the coordinate vector.
The constructive equations of the materials based on thermo-elastic-plastic theory are given by, The following boundary conditions are specified on the surface of Γ 1 , Γ 2 and Γ 3 (see Fig. 1 ), • Γ 1 (AB): σ y = −q, where q is the uniform pressure which can be determined according to the electrode force and the section area of the electrode.
• Γ 2 (FEOJ): U x = 0, where U x is the displacement of x-direction.
• Γ 3 (KL): U y = 0, where U y is the displacement of y-direction. Figure 6 The welding deformation of the mild steel sheet with unequal thickness after RSW (amplified by10 times) Figure 7 The residual plastic strain of the mild steel sheet with unequal thickness after RSW (amplified by10 times) (a) the thicker mild steel sheet (b) the thinner mild steel sheet Figure 8 The distribution of residual plastic strain of the mild steel sheet
